In this work, the seminal parameters of P. mesopotamicus were evaluated fresh and after cryopreservation, focusing on the sperm variables that affect the rates of fertilization, hatching and post-hatching parameters such as larval survival and morphology. The semen and oocytes from the animals were collected after extrusion, and seminal quality and oocyte fertilization were analyzed. Subsequently, a portion of each semen sample was cryopreserved and, after two days, the oocytes from three new females were fertilized with cryopreserved semen from the males. The analyzes showed that progressive motility, spermatic vigor, motility duration, number of normal sperm and secondary abnormalities were higher in fresh semen than in semen after thawing (P <0.0001). Similarly, fertilization and hatching rates and the percentage of normal and abnormal larvae in fertilized oocytes were higher when fresh semen was used (P <0.0001). The cryopreservation process affected the qualitative parameters of the semen of Piaractus mesopotamicus. The primary abnormality of spermatozoa was the main variable that influenced both fertilization and hatching rates, both in fresh and thawed semen. The second most important variable that influenced, particularly, thawed semen, was the spermatic vigor.
Introduction
Piaractus mesopotamicus, popularly known as "pacu", is a large fish intensively used in aquaculture and for repopulation of hydroelectric reservoirs in Brazil. The production of this species has increased because of its high commercial value and acceptance in national market (Maria et al., 2004) . Although P. mesopotamicus is easily adapted to fishculture, natural breeding in captivity is unfeasible, thus requiring hormonal induction (Romagosa et al., 1988) .
The cryopreservation of gametes is regarded as an important tool for the fry production in laboratories once it optimizes the broodstock utilization and avoids the loss of genetically improved lineages. This technique also facilitates the interchange of genetic material between facilities by transportation of frozen sperm, thus preventing the transmission of diseases and allowing the introduction of new lineages with minimized risks of pathogens in the raised fish (Tiersch, 1995; Viveiros and Godinho, 2009) .
Over the last years, the gamete preservation of Brazilian native species, like Brycon orbignyanus (Maria et al., 2006) , P. mesopotamicus (Streit-Junior et al., 2007) and Salminus maxillosus (Streit-Junior et al., 2008 ) has been prioritized due to their economical and environmental relevance. Therefore, the application of basic knowledge that yields a successful reproduction and growth at captivity as well as the development of conservation techniques in these species is essential.
The ability of freezing and thawing spermatozoa depends on several features such as: species, individual traits and reproductive period (Bromage and Roberts, 1995) . Studies about seminal quality in fish have shown individual variation in several parameters like motility and sperm concentration, besides their ability to fertilize and storage (Rana, 1995) . According to Bromage and Roberts (1995) , the successful fertilization is the ultimate test to evaluate the semen quality, being widely used in artificial breeding and sperm conservation.
Another major parameter in the evaluation of seminal quality is the morphology of spermatic cells. Indeed, Lahnsteiner et al. (1998) and Cosson et al. (1999) reported that increased abnormalities cause reduction of spermatic motility, potentially decreasing the fertilization rate. However, the semen pathologies examined in fish with views to large-scale production are particularly restricted to structural changes in spermatozoa after cryopreservation (Yao et al., 2000; Taddei et al., 2001 ) while their effects on fertilization and hatching rates remain overlooked. Therefore, the goal of the present study was to evaluate fresh and post-cryopreservation seminal parameters of P. mesopotamicus, with emphasis on the variables affecting fertilization and hatching rates as well as the larval survival and morphology.
Material and Methods

Locality
The experiment was carried out in the aquaculture facility at Duke Energy Brazil, in Salto Grande (SP) by the staff research members from PeixeGen at Universidade Estadual de Maringá (UEM) and Aquam at Universidade Federal do Rio Grande do Sul (UFRGS).
Semen collection and analysis
Six males and six females of P. mesopotamicus from captivity, presenting secondary reproductive traits of rheophilic fish, were selected, weighed and labeled with microchip for individual identification. The animals were fed with a commercial ration containing 36% crude protein and 2,900 kcal of digestible energy/kg of ration.
During the reproductive period, the semen was obtained by inducting the males with extract of pituitary hormone from carp (PHC; 5.5 and 2.5 mg PHC/kg fishes, females and males, respectively). After hormonal induction, the semen was collected into 5 mL syringes (Billard et al., 1994) . The chemicals were procured from Sigma Aldrich, St. Louis, MO, USA. The methods employed in evaluation of seminal parameters are described below:
• Motility and Spermatic vigor: A total of 20 µL of semen was diluted into 200 µL of distilled water on a microscopy glass slide, which was covered with a coverslip and both variables were immediately analyzed under optic microscope (40X). The motility score ranged from 0 to 100% and spermatic vigor was scored from 0 to 5 points.
• Duration of motility: A chronometer was started when 20 µL of semen was placed into 200 µL of distilled water onto a microscope glass slide. The time spent up to the last spermatozoon had stopped moving in the optical field (40X) was noted.
• Spermatic concentration: The semen was diluted in buffered saline formaldehyde at 1:1000 proportion in a Becker and the solution was homogenized and used to fill the Neubauer's chamber by capillarity for counting spermatozoa and evaluation of spermatic concentration.
• Spermatic morphology: For this analysis a smear was produced with the semen diluted in buffered saline formaldehyde, in the ratio of 1:1000 (semen/diluent solution, respectively). The smears were stained by the Rose Bengal method (Streit-Junior et al., 2004) , and after drying, taken under an optical microscope with 40X objective, counting 150 spermatozoa per smear of each animal. Primary abnormalities included: broken, curled and degenerated tails, and secondary abnormalities: bent tail, loose head and loose tail.
Sperm cryopreservation
One aliquot of each collected sample was cryopreserved in dilutors as proposed by (Carolsfeld et al., 2003) for rheophilic fish. The semen and the cryoprotectant solution were homogenized at a proportion of 1:3 of semen:solution, and placed into palettes 0.25 mL and then deposited in a dry shipper container (model DOUBLE 20) . After 15 hours, the palettes were transferred to a storage container with liquid nitrogen at -196 °C. After 48 hours, the semen was thawed for five seconds at 45 °C, and the progressive motility, spermatic vigor, duration of motility and spermatic morphology were evaluated.
Fertilization and hatching rates and larval morphology
To compare the fertilizing ability of spermatozoa, oocytes of three females were mixed into fresh semen of six males. Two days later, the same but cryopreserved sperm was mixed into oocytes of three other females. These three spawns fertilized with the semen of each animal from both moments (fresh and after cryopreservation) were divided into six aliquots, totalizing 18 combinations (oocytes × fresh semen) and 18 combinations (oocytes × cryopreserved semen). For fertilization of fresh semen, 10 mL of oocyte for female were used for each 0.5 mL of semen from each male. For the cryopreserved semen, 10 mL of oocytes from each female were used for 1.0 mL of semen from each male. The ratio of spermatozoa per oocyte was 780 × 10 3 for fresh semen and 515 × 10 3 for cryopreserved semen, following the recommendations of Leite et al. (2013) and Galo et al. (2011) .
After fertilization, the eggs were placed into 7 L incubators, individualized for each combination, and the fertilization rate was established after seven hours of incubation (T = 26 ± 1 °C). One aliquot from each incubator was removed using a hose, and placed onto a Petri dish for counting of viable eggs. This step was performed three times, resulting in 100 counted eggs per sample, on average. From this total, the mean was calculated to obtain the fertilization rate.
To calculate the hatching rate, 100 viable embryos from each 7 L incubator were transferred to 1.5 L incubators. After 18 hours of fertilization with a mean water temperature of 26 ± 1 °C, the hatching rate was determined in 7 L incubators. To obtain the hatching rate of 1.5 L incubators, all unviable eggs and larvae were removed and counted to determined the percentage of: normal larvae (regular movement); abnormal larvae (movement disabilities or abnormal notochord); dead larvae (hatched larvae that were dead at the moment of counts); unviable eggs, non hatched larvae (incompletely hatched larvae that were alive during counts) and non hatched dead larvae (incompletely hatched larvae that were dead during counts).
Scanning Electron Microscopy (SEM) of spermatozoa and larvae
One µL of fresh semen and 50 µL of frozen semen were fixed in 999 µL and 950 µL of 2.5% glutaraldehyde solution with 0.1 M cacodylate buffer in pH 7.2 and stored at 5 °C up to dehydration. Afterwards, the samples were centrifuged at 10000 rpm for 3 minutes and washed three times in cacodylate buffer. The dehydration was performed using an increasing ethanol series at concentrations of 50, 70, 80, 90 and 95% for 10 minutes in each step, followed by three baths in 100% ethanol for 10 minutes. The samples was dried in a critical point dryer (BAL-TEC CPD 030), using liquid CO 2 . The fragments were mounted in aluminum stubs and metalized with gold-palladium ions in a metalizer Shimadzu IC 50 Ion Coater.
The fixation of each larva was performed using 2.5% glutaraldehyde solution and 0.1 M cacodylate buffer in pH 7.2, followed by storage at 5 °C up to dehydration. The dehydration took place at room temperature in cell culture plates during 48 hours. The fragments were mounted in aluminum stubs and metalized with gold-palladium ions in a metalizer Shimadzu IC 50 Ion Coater.
For SEM procedures, the material was examined and electronmicrographed using a scanning electron microscope Shimadzu SS 550 Superscan from the Complexo Central de Apoio a Pesquisa (COMCAP/UEM).
Statistical analysis
The statistical analysis was performed using the Proc GLM from SAS, in order to evaluate the effect of treatment (fresh and frozen semen) over the variables (progressive motility, spermatic vigor, duration of motility, spermatic concentration, normal spermatozoa, primary and secondary abnormalities).
To characterize the effects of treatments, the principal component analysis was performed for each treatment level using the Proc PRINCOMP from SAS.
Results
Quali-quantitative semen parameters
The spermatic concentration ranged from 14.35 × 10 9 to 28.65 × 10 9 spermatozoa mL -1 , with a mean value of 21.09 × 10 9 spermatozoa mL -1 . As for the seminal parameters evaluated, the progressive motility, duration of motility and spermatic vigor were higher for fresh semen (P<0.0001) than in thawed semen (Table 1) . 57.48 ± 5.05a 28.14 ± 3.81b
Means in the same line with the same letter had no significant differences; sec -seconds.
Spermatic morphology: fresh and thawed semen
The percentage of normal spermatozoa was lower in the thawed semen (P<0.0001), consequently causing a higher proportion of total abnormalities in the cryopreserved semen (P<0.0001). The freezing process increased the index of primary abnormalities from 42.52% (fresh) to 71.86% (thawed semen) ( Table 1) . On the other hand, the secondary abnormalities remained higher (P<0.0001) in fresh semen (57.48%) than in thawed semen (28.14%).
The number of spermatozoa with curled ( Figure 1F ) and detached tail ( Figure 1E ) had no differences (P>0.05) between fresh and thawed semen. It was observed that spermatozoa bearing degenerate tails ( Figure 2D ) (P<0.0001), broken tails ( Figure 1B ) (P<0.05) and detached head ( Figure 1E ) (P<0.05) increased in the semen after thawing. However, the bent tail abnormality ( Figure 1D ) was higher in fresh semen (P<0.0001) than in thawed sperm (Figure 3) .
Fertilization and hatching rates and post-hatching parameters
The mean fertilization and hatching rates were higher (P<0.0001) when fresh semen was used in relation to thawed sperm. As for the morphology of hatched larvae, differences were observed in the number of normal larvae (P<0.001), unviable eggs (P<0.001) and abnormal larvae (P<0.001), with a higher percentage in fresh than in thawed semen. On the other hand, the proportion of dead larvae, and non-hatched dead and living larvae presented no differences (P>0.05) when oocytes were fertilized with fresh or thawed sperm (Table 2) .
Both normal and abnormal larvae obtained from fresh and thawed semen of P. mesopotamicus are shown in Figure 4 . 3.81 ± 7.74a 6.49 ± 8.95a
Non hatched living larvae (%)
1.28 ± 2.79a 0.05 ± 0.23a
Means in the same line with the same letter had no significant differences.
Principal components -variables that influences the fertilization and hatching rates
The Principal Component Analysis (PCA) indicated that about 87% of total variation of fresh semen could be explained by three components. The primary abnormality was the most relevant variable for the first principal component (52.2%). The set of variables such as secondary abnormalities (49.4%), total abnormalities (44.2%), normal spermatozoa (44.2%), duration of motility (43.7%) and spermatic motility (38.7%), presented a higher importance in the second principal component. About 75.6% of the third component was explained by the variable "spermatic concentration", indicating its higher relevance to determine this component.
Likewise, three principal components were observed in the thawed, which explained 97.66% of total variation. As observed with fresh semen, the primary abnormality was the variable with the highest score (47%) in the first principal component. Two other variables, spermatic vigor and secondary abnormalities, composed the second principal component (49.8% and 54%, respectively). In contrast with fresh semen, the third principal component in thawed sperm referred to duration of motility (58.6%).
Discussion
The mean spermatic concentration value herein observed in semen of P. mesopotamicus corroborates the reports by Silveira et al. (1990) of 28.07 × 10 9 spermatozoa mL -1 and Miliorini et al. (2002), of 18.62 × 10 9 spermatozoa mL -1 in this species. On the other hand, (Maria et al., 2004) reported a mean concentration of 13.89 × 10 9 spermatozoa mL -1 in pacu, what was related to the reproductive stage of males during semen collection.
It is certain that the freezing process of semen causes injuries in both tail and head of spermatozoa. However, the origin of such abnormalities is usually determined by the temperature reduction or to the exposure to toxicity of cryoprotectant solution. The increased spermatic abnormalities like broken and degenerated tails after thawing of P. mesopotamicus semen might be explained as proposed by Taddei et al. (2001) , in studies with Diplodus puntazzo. These authors suggested that cell osmoregulation can be damaged when spermatozoa are exposed to cryoprotectant solutions, resulting in enlargement of head or tail, followed by injuries in intracellular organelles. According to these authors, this scenario may lead to dysfunction of mitochondria and effusion of nuclear chromatin, giving rise to abnormal or dead spermatic cells. Kavamoto et al. (1999) observed that morphological abnormalities of midpiece and tail cause progressive alterations in motility, increasing the number of spermatozoa with circular or oscillatory movements thereby reducing the fertilization rate.
In the present work, the qualitative indexes reported for progressive motility, spermatic vigor and duration of motility reinforce the loss of semen quality after thawing, in agreement with the findings of Streit-Junior et al. (2006) , in the same species. Therefore, we can assume that the structural malformations in spermatozoa of P. mesopotamicus took place during freezing and thawing processes, thus decreasing the qualitative values of abovementioned parameters (progressive motility, spermatic vigor and duration of motility). The correlation between these traits is stressed out by Taddei et al. (2001) , who reported that frequently frozen spermatozoa presented a several enlargement or partial loss of mitochondria in the midpiece, besides broken tails. During cryopreservation, the mitochondria might be damaged or pushed away from the midpiece because of the swelling of the latter. According to Zhang et al. (2003) , these changes can severely affect both mitochondrial and tail function, reducing the flagellum movement of spermatozoa and, consequently, determining their loss of motility abilities.
The decreased values in qualitative parameters (motility, spermatic vigor and duration of motility) caused by changes in the structural morphology of spermatozoa (primary abnormalities) in thawed semen explains the reduced fertilization and hatching rates observed in P. mesopotamicus. This statement is supported by the principal component analysis, since 97.66% of the fertilization rate is explained by four variables, being the primary abnormality the most important one. The report by Yao et al. (2000) after cryopreservation of semen of ocean pout (Macrozarces americanus) can be possibly applied to our work; these authors identified a drastic enlargement over mitochondria and/or dehydration of cytoplasm in midpiece of spermatozoa, suggesting that alterations in mitochondrial activity depleted the energy supplies of spermatic cells, leading to reduction of flagella movements and eventually to the loss of progressive motility.
Although the spermatic quality decreased after cryopreservation in the present study, mainly related to losses in spermatic motility, the proper fertilization rate observed might be related to the high vigor (3.17 points) of spermatic cells. This inference is corroborated by the principal component analysis, since the spermatic vigor was a major variable in the second principal component in thawed semen, differing from the pattern observed for fresh semen. In spite of their reduced motility, the spermatozoa that remained viable after thawing probably had no damages in the midpiece. The toxicity of cryoprotectants and the inefficiency of cryopreservation process are referred by Fabbrocini et al. (2000) , as the main causes of injuries on spermatic cells. Another major factor is mentioned by Miliorini et al. (2011) that highlighted the importance of the knowledge about the level of abnormalities in semen to determine the spermatozoa. oocyte -1 ration. The principal component analysis of P. mesopotamicus semen revealed that primary abnormalities were the main variable affecting fertilization and hatching rates in both fresh and thawed semen, reinforcing the negative influence hypothesized for this parameter. Miliorini et al. (2011) analyzing frozen semen of P. lineatus reported about 28% of total abnormalities in frozen semen with DMSO, with a fertilization rate of 37%. In this study, the fertilization rate was equal to 59% for thawed semen using the same cryoprotectant, although a higher percentage of abnormalities (96.4%) was also observed in relation to these authors. On the other hand, Streit-Junior et al. (2009) studying cryopreserved semen of P. mesopotamicus reported 54.6% of primary abnormalities, 23% of motility and 2.3 points of spermatic vigor, corroborating the results from the present study, which comprised 46.4% of primary abnormalities, 11.8% of motility and 3.1 points of spermatic vigor, and demonstrating the importance of the latter during the freezing/thawing process. The cryopreservation affected the qualiquantitative parameters in the semen of P. mesopotamicus. The percentage of primary abnormalities in spermatozoa is the main variable influencing both fertilization and hatching rates in either fresh or thawed semen. Similarly, the spermatic vigor was also important during the freezing/thawing process.
